We demonstrate the direct generation of 55 fs pulses from an allfiber Erbium-doped ring laser oscillator using the nonlinear polarization rotation mode-locking. The average output power is 56.4 mW but limited by available pump power of 330 mW. The linear chirped pulse duration is 55 fs after recompression using standard single-mode fiber. The pulses show to resist optical wave breaking with a smooth spectrum without any side lobe and cw-breakthrough. This all-fiber laser exhibits relatively high transfer efficiency of 17% and the single pulse energy reaches 1.5 nJ.
Introduction
At the 1550 nm wavelength band, the silica glass works on the anomalous group velocity dispersion (GVD) regime, but the GVD of optical fibers can be normal or anomalous by properly designing the waveguide. Therefore, by properly designing the cavity dispersion, the passively mode-locked fiber lasers may be operated in the soliton and nonsoliton regimes or so-called similariton regime. To date, the generations of sub-100 fs pulses have been demonstrated in these regimes [1] [2] [3] [4] . Usually, the nonsoliton regime is considered as a better way to generate ultrashort pulses owing to its total cavity dispersion close to zero, as a result of reducing effective nonlinearity and a suppression of sidebands [2] , which is called stretched-pulse fiber laser. But its nonlinear phase shift was still limited to π to avoid wave-breaking or multiple pulses operation. Wave breaking is a key limitatiom for energy scaling [5] [6] [7] . In order to enlarge sustainable nonlinear phase shift, it demands a better dispersion management and uses the gain fiber as short as possible. For an Yb-doped fiber laser the short gain fiber is available for its high doping concentration. But for an Erbium-doped fiber (EDF) laser, long gain fiber should be used usually. Thus, sustainable nonlinearity restricted the bandwidth, which usually make the over driven of nonlinear phase shift, and therefore results in wave breaking. This makes poor quality pulses output or pulse split [8, 9] for energy scaling.
In this paper, we demonstrate an all-fiber constructed stretched-pulse Erbium-doped ring laser with pulse duration as short as 55 fs. Such pulses show to resist optical wave breaking with a smooth spectrum without any side lobe and cw-breakthrough. As the gain media, the high-doped EDF working at the positive dispersion near 1550 nm was also used for dispersion management and linearized the chirp of the pulse. This EDF has relatively large mode diameter, which significantly enlarges the output pulse energy and transfer efficiency. Under 330 mW available maximum pump power, the average output power was 56.4 mW. The pulse energy was improved to 1.5 nJ. The laser exhibits relatively high transfer efficiency of 17%.
Principle and experiment setup
In order to make the EDF working at positive dispersion regime near 1550 nm, large positive waveguide dispersion must be chosen to compensate the material dispersion of silica glass. This makes the EDF always have a smaller core diameter than the standard single-mode fiber (SMF), and thus the saturation of EDF limits the output pulse energy for the soliton area theorem [2] . In our experiment, an EDF has a relative large mode field diameter of 4.9 µm and a GVD parameter of -51 ps/(nm·km), is used to compensate the negative dispersion of SMF. Thus, the pulse experiences large positive and negative dispersion in the laser cavity, and therefore the pulse is stretched and compressed twice in the cavity, which reduces the nonlinear saturation in the amplification process. As a result, this ensures the output pulse even shorter and the pulse energy even higher at the same time. We optimized the EDF length to be 135 cm and cut the length of SMF to manage the cavity dispersion to generate the shortest pulse. Figure 1 shows the configuration of our Erbium-doped fiber ring laser. The all-fiber ring cavity is made of a 135 cm EDF (80dB/m peak absorption ratio at 1530 nm), forward pumped by a 976 nm laser diode through a 980/1550 wavelength division multiplexer (WDM), a 330 cm single-mode fiber (SMF-28), and a 78 cm Nufern 980 fiber. The GVD parameters of the fibers are, respectively, -51, 18, and 4.5 ps/(nm·km). A 10% optical coupler (OC) is located after the EDF to output the signal. This output location may reduce suffering the nonlinear effect of the fiber. A polarization dependent isolator (PDI) sandwiched with two polarization controllers (PC1 and PC2) is used as the mode-locked component in the cavity. The output port is connected to a commercial second order autocorrelator, an optical spectrum analyzer (OSA) and a fast photodetector to monitor the characteristics of output pulses.
In the laser, the unidirectional operation was forced by the PDI. Mode-locking was initiated by nonlinear polarization rotation (NPR). The polarization controllers were adjusted to provide stable pulses that build from noise when the pump power exceeded the threshold. After experimental optimization, we found that the mode-locked status could be well maintained when the cavity length was about 4-6 m. Typically, the pulse width output from the OC pigtail is about 1-ps, but the pulse is highly chirped, which can be recompressed to sub 100 fs by dispersion compensation using a certain length of SMF. When the cavity is too long or too short, high-order mode or twin pulses operation [8] were observed on the oscilloscope. Three or more pulses operation was not observed in experiment for this limited pump power. 
Results and discussion
Through the dispersion compensation optimization in the experiment, we found the optimized cavity length is 543 cm. Here, the net GVD " β was calculated to be about +0.012 ps 2 at 1550 nm. Under this cavity length, we observed the best autocorrelated signal by optimizing the length of output lead for external recompression, which is shown in Figure 2 . The small wings at the two sides can be seen under this high peak power of the pulse, because the third-order dispersion (TOD) and other nonlinear effect in the output fiber could not be neglected. The TOD compensation could not be performed in experiment, because all the materials we used in the laser have positive TOD. The accumulated TOD makes the pulses to be a bit asymmetry, which developed pedestal on the autocorrelated trace [10] . This also confirmed by the output spectrum, which is also a bit asymmetry. For most set of the PC, the pulse duration is >100 fs, which was due to wave breaking by over driven of NPR or a cw-breakthrough. But for one set, the signal on autocorrelator increased and the pulse duration decreased dramatically at the same time, when we carefully tune the PC. The spectrum got smoothly and its wings decayed faster. The shortest autocorrelated signal obtained in the experiment was 78.1-fs, which was automatically measured by a commercial autocorrelator. Assuming the pulse has a Gaussian-form profile, the corresponding pulse duration should be 55-fs. 
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When we observed the shortest pulse of 55 fs, the spectrum got smoothly with no side lobe or cw-breakthrough. Figure 3 is the corresponding spectrum of the 55 fs output pulses. The 3 dB spectrum width is 61 nm and the center wavelength is about 1570 nm, so the timebandwidth product is 0.41. Such an efficient recompression means that the generated pulses are almost linear chirped and almost approach the transform limit. Figure 4 shows the typical output pulses train with 37.8 MHz repetition rate. When we increased the pump power the spectrum shows no change on shape. The average output power increased linearly to 56.4 mW when we got the maximum pump power of 330 mW, the single pulse energy reached 1.5 nJ. Considering the pulse energy contained in the satellite pulse and the tail, which should be less than 23% of the main pulse as estimated from the autocorrelation trace, the peak power is 23 kW. The smooth spectrum without any side lobe and relatively small wings of the autocorrelation trace indicated that good mode-locked condition and single pulse operation were generated in the laser. The decreasing of spectrum at 1530 nm was due to the ground state absorption for the long gain fiber was not fully pumped by 980 nm light. The gain bandwidth from 1530 nm to 1610 nm just work as a filter that limits the output spectrum bandwidth, but also eliminates the generation of side bands. Once the mode-locking was attained, the laser could work stably for several hours. The oscilloscope screen showed no change on the pulse shape during the period of several hours, if there were no disturbance and no back reflection into the laser cavity. Here, the EDF used in the laser has a relative large mode field diameter of 4.9 µm and its peak absorption ratio is 80 dB/m. This greatly improves transfer efficiency in the laser, and thus improves output pulse energy, which is almost an order of magnitude higher than the same all-fiber configuration. It is well known that further increasing the pump power to a certain threshold, the pulse would split into twin or triple pulse for a single round trip in the cavity, which is the common behavior of both soliton and stretched-pulse fiber laser [8, 9] . Since the threshold for multiple pulses operation in stretched-pulse fiber laser is much higher in soliton fiber laser and the available peak power is depended on output pulse quality, so the stretched-pulse fiber laser could scale up the peak power of pulses. The gain fiber we used could have higher transfer efficiency and better management of dispersion in the laser, as a result of reducing effective nonlinearity and a suppression of sidebands, so the spectrum without wave breaking and pulses as short as 55 fs with high single pulse energy could be present. 
Conclusion
In conclusion, we have demonstrated the direct generation of 55 fs pulses in the all-fiber stretched-pulse ring laser. The smooth output spectrum without optical wave-breaking shows the single pulse operation in the laser. The dispersion management through both the usage of the positive dispersion EDF and negative dispersion SMF in the laser both shorten the pulse duration and increase the output pulse energy. The laser exhibits relatively high transfer efficiency of 17% and the single pulse energy can reach 1.5 nJ. All-fiber construction makes the laser compactable, portable and easy operation.
